A set of genes {SWI1, SWI2/SNF2, SWI3, SNF5 and SNF6) in Saccharomyces cerevisiae are required for transcription of a variety of yeast genes. It was recently reported that the mammalian glucocorticoid receptor failed to activate transcription when transiently expressed in swi1~, swi2~ or swi3~ yeast strains. We report here that two highly related human cDNAs, hSNF2a and -/3, encode amino acid sequences homologous to both the yeast SWI2/SNF2 and the Drosophila brahma. Similar to their yeast and Drosophila counterparts, both human cDNAs contain helicase motifs, a bromodomain, a highly charged C-terminal sequence and an N-terminal sequence rich in proline, glutamine and glycine. Tissue distribution of the mRNAs varied slightly. Transcriptional activation by the estrogen receptor and the retinoic acid receptor was enhanced by co-expression of either hSNF2 cDNA. No enhancement was observed for promoters which do not respond to nuclear receptors. We suggest that global transcriptional coactivators equivalent to the yeast SWI/SNF complex exist in mammalian cells.
INTRODUCTION
Although transcriptional activations have been studied intensively with regard to DNA binding proteins and basic factors, relatively little is known about transcriptional activators in other categories except that TBP-associating proteins have been rapidly characterized (1, 2, 3) . However, a prototype has been described by lines of genetic studies on the yeast Saccharomyces cerevisiae (4) . A group of yeast genes, SW11, SWI2/SNF2, SWI3, SNF5 and SNF6 (referred as global activators), are required for transcription of a number of genes under differential regulation (4, 5) . SWI1, SWI2 and SW13 were initially identified as positive regulators of transcription of HO gene, which is required for cell type switching (6) , the SNF2, SNF5 and SNF6 genes were originally identified as positive regulators of the SUC gene, a glucose-repressive gene that encodes invertase (7) . More recent studies have shown that the SNF genes are required for transcription of several other genes (see review 4). The swip henotypes were suppressed by a mutation of the SIN1 gene encoding an HMG-1-related protein (8) or the S1N2 gene encoding the histone H3 (Kruger and Herskowitz, unpublished data). In addition, mutations in genes encoding histone H2A and H2B as well as in the SPT4, 5, 6 and 16 genes relieved the defects in Ty and SUC expression caused by snj2, snJ5 or snj6 mutations (4, 9, 10, 11, 12) . Finally, in Drosophila, mutations in the polycomb gene (encoding a repressor of ANT-C and BX-C functions) were suppressed by a loss-of-function mutation of the brahma gene, a Drosophila homologue of SWI2/SNF2 (13) . Thus it has been suggested that functions of the SWI2/SNF2 protein and the homologue are antagonisms against the repressive effects of chromatin components.
In yeast, both the glucocorticoid receptor (GR) and the estrogen receptor (ER) can activate transcription from a promoter bearing GR or ER response elements, respectively in the presence of their cognitive ligand (14, 15) . Yoshinaga et al. (16) reported that transcriptional activation by GR or ER is dependent on SWI1, SW12 and SW13 gene function in yeast, although transcription from the yeast GDP promoter appeared to be independent. They also showed that an £.co/t-expressed GR protein can interact with the SWI3 protein in a wild type yeast extract but not in swilõ r swi2~ cell extracts. Moreover, in vitro activation by GR in Drosophila embryo extracts was blocked by antisera against yeast SWI3 protein. Similarly, Laurent and Carlson reported that the Drosophila Bicoid protein fused with lexA is dependent on SNF2, SNF5 and SNF6 gene function for activation of target genes containing lexA operator (17) . Thus at least part of transcriptional machinery appears to be highly conserved in all eucaryotes and it seems likely therefore that factors homologous to the global activators may play a similar role in mammalian cells.
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Here we have identified two human homologues of SWI2/SNF2, hSNF2a and hSNF2/3. Both genes are highly related to each other and were isolated from a fetal brain library. The homologues encode proteins bearing many of the previously identified conserved regions which are characteristic of the yeast SWI2/SNF2 and the Drosophila brahma. Expression of either hSNF2a or -/? boosted transcription in the presence of the estrogen receptor or the retinoic acid receptor in HepG2 cells. Involvement of hSNF2a and -/3 in specific gene-transcription and possible mechanisms are discussed.
MATERIALS AND METHODS Plasmids
Sequences of hSNF2a (nucleotide position 1 -5250) and hSNF2/3 (4-5200) were placed between HindSR and BglU sites of pSV2/3-globin (18) by utilizing the polylinker of pBluescript SK~, generating the mammalian expression plasmids pSVhSNF2a and -/3. The plasmid pSVrER expresses the rat estrogen receptor under the control of the SV40 promoter/enhancer (19) . The reporter plasmid 352 has the chroramphenicol acetyltransferase gene linked to the estrogen-responsive elements from the vitellogenin promoter. The reporter CRABPII/CAT1 (20) and the plasmids that express the mouse retinoic acid receptor (mRARal) or the mouse retnoid X receptor (mRXRa) (21, 22) were provided by Pierre Chambon through LGME-U.184. The USF-responsive plasmid pUSFHIVCAT was described previously (23) . pAdE2CAT has the early region 2 promoter (-283 to +60) of adenovirus type 2 (24) .
Strategy for the isolation of cDNA and sequencing A human fetal brain cDNA library in ZAPII (Stratagene) and a human cerebellum cDNA library in ZAP (Stratagene) were screened first by PCR with degenerated primers I, n and HI. I, II and III sequences are deduced from the amino acid positions 791 -797, 901 -895 and 929-923 respectively of SNF2, which are highly conserved between SNF2 and brahma proteins (13, 25) . The PCR reactions were performed with 40 cycles of 1 min at 94°C, 2 min at 48°C and 1 min at 72°C incubations. The resulting PCR products with the expected length were sizeselected on agarose gel, cloned in pBluescript SK-and sequenced. The C5-4 and C5-5 PCR products were used as probes for screening of the fetal brain library. Isolated cDNAs were sequenced for both strands by the dideoxy-sequencing method with T3/T7 primers for deletion constructs and also with synthetic primers.
Northern blot analysis
A single human multiple tissue northern blot (MTN) filter (Clontech) was serially used for hybridization with DNA probes of hSNF2/3, hSNF2a and the human /3-actin control which were labelled by a random primer method (Ready To Go DNA Labelling Kit, Pharmacia). Washing was performed under stringent condtions (0.1 xSSC, 0.1 % SDS) for 10 min at 65°C. Sequences of the probes for hSNF2a (nucleotide position 4828-5228) and hSNF2/3 (4849-5200) mRNAs have 55% and 59% identities respectively to the corresponding stretch of the other hSNF2, thus eliminating cross-hybridization. It was demonstrated by a slot blot analysis that neither the hSNF2a probe hybridizes with in vitro synthesized hSNF2/3 RNA nor the hSNF2/3 probe hybridizes with in vitro synthesized hSNF2a RNA under these conditions. Stripping the probes was confirmed by Bio-Image Analyzer BAS2000 (Fuji).
Transient transfection
HepG2 cells were cultured in Dulbecco's modified Eagle's medium (without phenol red, ICN) containing 10% fetal calf serum treated with dextran-coated charcoal. Cells were transfected by the calcium phosphate co-precipitation method (26) , shocked after 4 hours with 20% glycerol in PBS and harvested 40-48 hours later. Estrogen (/3-estradiol, Sigma) or all-trans retinoic acid (Sigma) at 5 x 10~8 M was administrated after glycerol shock. In chloramphenicol acetyltransferase (CAT) assays, 10 jtg of freeze/thaw cell extracts were incubated in the presence of 0.1 /tCi l4 C-chloramphenicol (Amersham) and 1 raM acetyl Coenzyme A for 30 min at 37 °C (27) . The CAT activity was quantified by scintillation counting. The assays were performed more than three times with two preparations of the expression plasmids. To avoid a bias from possible effects on a control promoter, an internal-control plasmid was not cotransfected.
RESULTS

Isolation of human homologues of SNF2/brahma
PCR reactions with primers I+n and I+IH in the conserved regions (see MATERIALS and METHODS) generated bands of approximately 335 bp and 414 bp, respectively. Sequencing of the cloned PCR products revealed the existence of a number of related clones with conserved sequences of NTP binding proteins (data not shown). Among them, two clones (C5-4 and C5-5) possessed high sequence similarity to SNF2 and brahma. C5-4 and C5-5 inserts were used as probes for screening a human fetal brain library. Three clones were found to correspond to C5-4 and one clone to C5-5. Analysis of the C5-5 insert (2.8kb) and the longest C5-4 insert (4.0kb) revealed a high degree of homology across a large portion of the SNF2 gene as well as brahma. These cDNAs were therefore termed hSNF2/3 and hSNF2a (i.e. human homologues of SNF2). To obtain the entire coding sequences, screening was repeated two more times with probes of N-terminal sequences.
The resulting amino acid sequences of hSNF2a and -/3 proteins, each composite of the three clones, exhibit strong similarity to each other across their entire sequence (Figure 1 ). The similarity is more striking in the central region spanning the helicase motifs than in N-terminal and C-terminal regions (Figure 2A ). The hSNF2a and -/3 proteins also have a high degree of similarity to the yeast SNF2 and the Drosophila brahma proteins in the corresponding central region, but lower than to each other. Regional identities between hSNF2a and hSNF2/J are shown in Figure 2A . Identities among hSNF2a, hSNF20, SNF2 and brahma are presented in Figure 2B . All four proteins share four characteristic regions. The first region consists of several consensus motifs conserved in DNA and RNA helicases (A box, B box and so on, see reference 28). Secondly, they all have a structural motif, referred as bromodomain, which is found in a number of proteins including certain transcriptional activators (13) . Third, their C-terminal regions contain a number of alternating stretches with positive or negative charges. Fourth, the N-terminal regions are rich in proline, glutamine and glycine, which is common to a number of transcriptional activators (29) .
Expression of hSNF2a and -/3 mRNA in human tissues
To determine the tissue distribution, poly(A)+ RNA from human tissues was analyzed by northern blot hybridization with probes from hSNF2a, hSNF2/3 and human /3-actin cDNAs (Figure 3 upper, middle and lower panels). Approximately 6.0 kb mRNAs were detected for both hSNF2a and -0 in all the tissues, although the expression levels differ. It appears that kidney and skeletal muscle express more hSNF2a and -0 mRNA than the other tissues ( Figure 3 upper and middle panels, lanes 6 and 7) . The only significant difference between hSNF2a and -0 is the relative levels of liver RNA and skeletal muscle RNA. hSNF2/3 is expressed less in liver and more in skeletal muscle (compare lanes 5 and 6), which was reproducible with another MTN filter. As long as we examined for culture cell lines (epidermoid carcinoma A431, lung carcinoma A549, HeLa, hepatoma HepG2, oral epidermoid carcinoma KB and neuroblastoma NB39), expression levels of hSNF2a and -0 RNA appeared to be approximately equivalent with exception that hSNF2/3 RNA from KB cells was undetectable (data not shown).
Transcriptional activation by the estrogen receptor or the retinoic acid receptor is cooperatively stimulated by hSNF2a and -0 If the human SNF2 homologues have closely related functions to SNF2, it is predicted that they should exibit transcriptional activities in cooperative with specific transactivators such as nuclear hormone receptors (16) . We therefore examined cooperativity with the estrogen receptor and the retinoic acid receptor. Transient expression of the ER receptor in HepG2 cells resulted in a 8.4 fold activation from a vitellogenin promoter containing an estrogen response element in the presence of 5xl0" 8 M /3-estradiol ( Figure 4A lanes 2 and 3) . Coexpression of exogenous hSNF2a or hSNF2/3 resulted in a further enhancement of estrogen receptor-activated transcription with near linearity ( Figure 4A , lanes 4-6 and 7-9 and Figure 4B) . Interestingly, addition of five micrograms of pSVhSNF20 resulted in a 9.4-fold enhancement whereas addition of an equivalent amount of pSVhSNF2a resulted in only three-fold enhancement ( Figure 4B ). hSNF2a and -0 also enhanced retinoic Figure 3 . Expression of the hSNF2a and -|3 mRNA in human tissues. A northern blot filter containing poly A + RNA from heart, brain, placenta, lung, liver, skeletal muscle, kidney and pancreas (lanes 1-8, in the order) was hybridized to a DNA probe from hSNF2a (upper), hSNF2/3 (middle) or human 0-actin (lower) cDNA. Specific signals were indicated by arrowheads. A filter for hSNF2a or -0 was exposed for 40 hours and a filter for human /3-actin was exposed for 3 hours. acid receptor-activated transcription ( Figure 4C ). However the extent of stimulation did not appear to be significantly different between hSNF2a and -/3 (7.1 fold by 5;tg pSVhSNF2a and 5.2 fold by 5/tg pSVhSNF2/3). These effects were highly reproducible with several batches of the activator plasmids. To test whether this enhancement is promoter-specific, we next examined the effect on other promoters. The plasmid pUSFHTVCAT has two USF binding sites immediately upstream of the HTV-1 TATA element and the CAT gene (23) , and responds well to USF protein in vitro (30) . The plasmid pAdE2CAT has the early region 2 promoter of adenovirus type 5 (24) . Both of pSVhSNF2a and -/3 showed little effect on transcription from these promoters ( Figure 4D and 4E) , which was also reproduced several times.
DISCUSSION
In an effort to examine whether transcriptional factors equivalent to the yeast global activators play a crucial role in mammalian gene expression, we have isolated and characterized two human cDNAs which are highly homologous to SNF2 and brahma. Of the forty PCR products we sequenced, all were attributed to eight distinct clones which belong to the helicase superfamily. Of these eight clones, only hSNF2a and -/3 showed high amino-acid sequence similarity to SNF2 and brahma, suggesting that these two clones are most likely the human homologues. Likewise, hSNF2a and -/3 have higher and more extensive similarities than the reported mammalian relatives hSNF2L and CHD-1 (31, 32) . Since the two homologues share almost all structural characteristics and the sequence similarity extends over the entire coding sequences, it is probable they have closely related functions. The only major difference is in monotonous sequences near the N-terminus (a glutamine repeat for hSNF2a and a glycine-proline repeat for hSNF2/3). Glutamine repeats or glutamine-rich regions are common features of a number of transcription factors including DNA binding proteins (29) , the general transcription factor TBP (33, 34, 35) and the TBPassociated factor TAF110 (36, 37) . The glycine-proline repeat resembles another type of activation domain (29) . Because the expression patterns are similar to each other, they might be functionally distinct. Alternatively they might be differentially expressed in the process of development.
During preparation of this manuscript, two papers describing cloning of SNF2/brahma homologues were reported. Muchardt and Yanif (38) reported that the sequence of a homologue termed hbrm, which is identical to hSNF2a except for an extra sequence preceding the bromodomain and an entirely different 5' untranslated sequence, both probably the result of alternative splicing, hbrm also was shown to enhance glucocorticoid receptor-activated transcription. This specific activation required the DNA binding domain of GR, and was abolished by mutating the NTP binding motif or deleting the near N-terminal region. In addition, Khavari ex al. (39) reported the cloning of BRG-1, a shorter splice variant of hSNF2/3. Interestingly, a chimeric SWI2 protein containing a stretch of ATPase motifs from the BRG-1 cDNA was shown to complement some yeast swi2p henotypes. A substitution mutant of BRG-1 (Lys 798 to Arg) diminished GR-dependent gene expression in yeast by two fold. Gel filtration analysis demonstrated that BRG-1 migrates as a large molecule, probably in a complex with multiple proteins. Amino acid sequences near both N-terminal and C-terminal regions of BRG-1 are differently framed from those in this report (indicated by underlines; Figure 1 ), because each three nucleotides are missing in BRG-1. We confirmed the sequences in hSNF2/3.
An important question raised from these results and ours is how wide is the spectrum of partners of hSNFs in co-activation. Are they restricted to the nuclear receptor superfamily? Indeed, a previous report has argued in favor of this restriction (38) . However, it remains possible that some other promoters are already enhanced maximally at endogenous levels of hSNF2s and thereby additional expression of hSNF2 does not affect. Another question is whether the difference in fold activation between hSNF2a and -/3 is physiologically significant. The difference may be due to intrinsic activities associated with each of the two hSNF2s. Alternatively different concentrations of other factors involved in global activation (e.g. factors associating with hSNF2 or acting cooperatively with hSNF2) might account for the differential responsiveness.
What is the molecular mechanism of hSNF2 action? It has been suggested that SNF2 function is distinct from classical sequencespecific DNA-binding proteins (5, 25) . The fact that a number of suppressors of snj2~/swi2~ have mutations in genes encoding chromatin components suggests that SNF2 may function as global activators by altering chromatin structure. For instance, it is believed that perturbation of chromatin structure may allow assembly of preinitiation complexes. Workman and co-workers have suggested that promoter-bound activators like GAL4 and USF facilitate preinitiation complex formation in the presence of nucleosomes (40, 41) by destabilizing proximal nucleosomes in conjunction with additional factors (42) . Hence, SNF2 and the homologues could play a similar role by associating with DNA binding proteins. Their putative ATPase activities might explain mechanistic aspects of the action (43), which is reminiscent of a bacterial activator with ATPase activity (44) . Alternatively, global activators may physically interact with the basal transcription machinery. Indeed, it has been demonstrated that an acidic activator can directly interacts with basic transcription factors in vitro (45, 46) . Similarly, the activator Spl has been shown to interact with TAF110 in vitro and in vivo in both Drosophila and yeast cells (36) . On the basis of these mechanistic hypotheses, the selectivity of hSNF2s could be explained as follows. First, activation of nuclear receptor-dependent transcription may require changes of chromatin structure (47, 48) which are exclusively induced by hSNF2s. Second, members of the nuclear receptor superfamily may share a distinct or nearly exclusive type of activation domain which is compatible with hSNF2s. Third, hSNF2s may facilitate another category of activation such as relief of repression which is potential role of nuclear receptors (49, 50) . Since studies have revealed that the five yeast genes, SW11, SWI2/SNF2, SWI3, SNF5 and SNF6 are functionally related, it is possible that the products of these five genes function as one complex. Identification and characterization of the mammalian counterparts should provide a further understanding of the mechanistic action of these unique activators.
